Deep hypersaline anoxic basins (DHABs) of the Mediterranean Sea are among the most extreme ecosystems on Earth and host abundant, active and diversified prokaryotic assemblages. However, factors influencing biodiversity and ecosystem functioning are still largely unknown. We investigated, for the first time, the impact of viruses on the prokaryotic assemblages and dynamics of extracellular DNA pool in the sediments of La Medee, the largest DHAB found on Earth. We also compared, in La Medee and L'Atalante sediments, the diversity of prokaryotic 16S rDNA sequences contained in the extracellular DNA released by virus-induced prokaryotic mortality. We found that DHAB sediments are hot-spots of viral infections, which largely contribute to the release of high amounts of extracellular DNA. DNase activities in DHAB sediments were much higher than other extracellular enzymatic activities, suggesting that extracellular DNA released from killed prokaryotes can be the most suitable trophic resource for benthic prokaryotes. Preserved extracellular DNA pools, which contained novel and diversified gene sequences, were very similar between the DHABs but dissimilar from the respective microbial DNA pools. We conclude that the strong viral impact in DHAB sediments influences the genetic composition of extracellular DNA, which can preserve the signatures of present and past infections.
Introduction
Deep-sea ecosystems include some of the most extreme and unique ecosystems on Earth, such as the hydrothermal vents, oxygen minimum zones (including the anoxic deep waters of the Black Sea) and the deep hypersaline anoxic basins (DHABs) of the Eastern Mediterranean Sea. The DHABs are characterized by absence of light, high hydrostatic pressure (around 35 MPa), sharp chemoclines, variable pH values, permanently anoxic conditions and nearly saturated salt concentrations [1] . A thick layer of brines, indeed, with variable ionic composition, creates a strong halocline, which prevents oxygen exchange and strongly reduces the supply of organic particles from the upper oxygenated water layers. As a consequence, the DHABs are characterized by a severe limitation of organic matter inputs [2, 3] . Despite this, available information indicates that the brines of DHABs contain active and diversified microbial assemblages [1, [4] [5] [6] . Previous studies also revealed the presence of new microbial metabolic/physiological functions [6] [7] [8] . Investigations conducted on the microbes inhabiting these extreme ecosystems have extended the comprehension of the limits of life [1, 6, 9] and the potential for microorganisms and metazoans to survive in extraterrestrial environments [10 -12] .
Despite evidence that viruses play a crucial role in shaping microbial assemblage composition and controlling the functioning of all aquatic ecosystems [13, 14] , their role in DHABs has received limited attention. Nevertheless, in anoxic and hypersaline sediments, where the abundance of eukaryotic grazers has been reported to be very low [15] , viral impact on the abundance, activity and diversity of prokaryotes could be even more relevant [16] .
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Viral lysis of prokaryotes can have important biogeochemical implications and the cell debris released can be used for sustaining the metabolism of non-infected prokaryotes [14, [17] [18] [19] .
Such a cell debris also includes extracellular DNA, which has a high (phosphorus) P content and plays an important role in benthic trophodynamics [20] [21] [22] . At the same time, a fraction of extracellular DNA can escape the degradation processes and accumulate in the sediments [23, 24] . Since high extracellular DNA concentrations have been previously reported in permanently anoxic and hypersaline sediments [16, 25] , these extreme systems can preserve extracellular DNA [20] and the genetic information contained therein [23, [26] [27] [28] .
In this study, we investigated the ecological role of virusinduced prokaryotic mortality in the sediments of La Medee, the largest DHAB found on Earth [29] . We provided new insights into the extent to which such a process influences the dynamics of the extracellular DNA pool. We determined DNase and other exoenzymatic activities (aminopeptidases, b-glucosidases and alkaline phosphatases) to compare the potential availability of extracellular DNA and other trophic resources for prokaryotes inhabiting DHAB sediments. We also investigated the diversity of prokaryotic gene sequences contained in the extracellular DNA to explore the potential of these extreme ecosystems to preserve the genetic imprint of microbial assemblages killed by viruses.
Our findings open new perspectives for the comprehension of the role of viral impact on the diversity of microbial assemblages and for disclosing the mechanisms, which control the dynamics and evolution of prokaryotic assemblages in one of the most extreme system existing on Earth. 0 N and 34826.99 0 E). The basins are filled by brines originating from the dissolution of ancient subterranean salt deposits from the Miocene period [30] . La Medee is the largest DHAB of the world oceans, located at ca 100 km southwest of Crete (see electronic supplementary material for additional details). In La Medee stations, bottom temperature was 15.48C and salinity was more than 300 whereas in the oxic station, temperature was 148C and salinity was 38.8. L'Atalante basin is located ca 200 km off the Western coast of Crete and is one of the smallest DBABs of the Eastern Mediterranean Sea [31] (see the electronic supplementary material for additional details).
Material and methods
From each station, three independent sediment cores were collected by independent deployments of box-corer (NIOZtype), which allows the collection of hermetically closed samples. Immediately after retrieval, the sediment cores were sliced vertically (under strictly anaerobic conditions i.e. N 2 atmosphere for anoxic sediments) into five sediment layers: the top 1 cm, 1 -3 cm, 3 -5 cm, 5 -10 cm and 10 -15 cm.
After sampling, sediment sub-aliquots were collected from La Medee and oxic station for the analyses of microbiological parameters and total extracellular DNA concentrations.
To provide accurate estimates of viral abundance, production and decay, sediment samples were immediately processed onboard (under anaerobic conditions for La Medee sediments), without the addition of any preservative [32, 33] . This is because it is widely recognized that the use of formaldehyde or glutaraldehyde for sample storage can result in a rapid loss of viruses in sediment samples [33, 34] . For prokaryotic counts, the samples from surface (0-1 cm) and subsurface layers (down to 10 -15 cm) of each sediment core were fixed with buffered 2% formalin and stored at 48C until processing (within two weeks) [35] . Samples for total extracellular DNA concentrations were stored at 2808C until laboratory analyses.
The determinations of DNase, alkaline phosphatase, b-glucosidase and aminopeptidase activities in surface and subsurface sediments were carried out immediately after sediment collection under anaerobic conditions for La Medee samples, as described below. During the time-course experiments carried out to determine viral production and decay in La Medee and oxic sediments (see below), we also collected surface sediment subsamples for the analyses of total extracellular DNA concentrations and taxonomic composition of prokaryotic assemblages associated with extracellular and microbial DNA pools by 16S rDNA pyrosequencing. The same approach was also used to investigate prokaryotic diversity associated with both DNA pools in the sediments of L'Atalante.
Sediment samples collected in L'Atalante basin were processed under the same conditions used for La Medee sediments.
(b) Viral and prokaryotic abundances
Viral and prokaryotic counts were carried out by epifluorescence microscopy using SYBR Green I dye according to Danovaro et al. [32] . Details are reported in the electronic supplementary material.
(c) Viral production and decay and extracellular DNA released by virus-induced prokaryotic mortality Viral production in the sediments was determined by monitoring the increase of viruses over time [33] , while viral decay was determined by monitoring the decrease of viruses over time [36, 37] . Gross viral production was estimated as the sum of net viral production and decay rates. Further information is available in the electronic supplementary material.
Sediment subsamples were also collected during time-course experiments of viral production to test for the increase in extracellular DNA pool in the sediments, potentially released by virus-induced prokaryotic mortality. In particular, sediment subsamples were collected at the beginning of the experiment (t 0 ) and after 12 h (t 12 ; i.e. after the detection of the highest value of viral production) for the analyses of total extracellular DNA concentrations. At t 12 , sediment subsamples were also collected for pyrosequencing analyses of 16S rDNA contained in extracellular and microbial DNA pools, in order to compare their gene composition at the end of the viral infection events. where KP is the number of killed prokaryotes ( per gram) of sediment ( per hour) and TPA the total prokaryotic abundance ( per gram) of sediment. KP was determined by time-course experiments on the basis of the expected number of prokaryotes produced (calculated as prokaryotic turnover multiplied by prokaryotic abundance) and the number of prokaryotes actually counted during the same time interval and in the same sediment rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20133299 samples used for determining viral production [17] . Prokaryotic turnover rates were calculated as the ratio between prokaryotic heterotrophic C production and biomass (see details in electronic supplementary material). The burst size (i.e. the average number of viruses released by a single prokaryotic cell due to viral infection) values obtained as the ratio between viral production and KP were 31 and 44 at Stations 2 and 1 of the DHAB sediments, respectively, and 30 in the oxic sediments. Such values fall within the range of burst size values determined using independent approaches on deep-sea sediments collected worldwide [17] . To evaluate the quantitative importance of protists as potential top-down controllers of prokaryotes in comparison with viruses in DHAB sediments, additional microscopic analyses were carried out (see details in the electronic supplementary material).
(e) Total extracellular DNA determination
The working conditions, precautions and analytical details during the extracellular DNA analyses are reported in the electronic supplementary material. The concentrations of total extracellular DNA in the sediment were determined according to Dell'Anno et al. [22, 24] . This procedure is based on the hydrolysis of the extracellular DNA (using commercial nucleases; see electronic supplementary material for details) and does not allow the recovery of the DNA for subsequent molecular studies [25, 38] ; therefore, separate samples were also processed to recover extracellular DNA that was suitable for molecular analyses as described below. The total extracellular DNA concentrations were expressed as nanograms of DNA per gram of dry sediment.
Estimates of the amount of DNA released by viral lysis were obtained by converting the number of killed prokaryotes per gram of sediment per hour into the amount of DNA released by viral lysis. To obtain more reliable estimates of the amount of DNA released by viral lysis we calculated both the prokaryotic DNA entirely released after viral lysis and the released prokaryotic DNA subtracted from the incorporated DNA fraction by the new virions [39, 40] . These estimates were obtained considering: (i) a mean DNA content per prokaryotic cell of 3.2 fg DNA per cell, which was obtained by using the genome size and the molar GC content of Bacteria and Archaea contained in the NCBI gene bank and (ii) a mean value of 0.039 fg of DNA per virus based on the bacteriophage genome size and the molar GC content of different marine phages sequenced [41] . Such estimates were compared with the increase in extracellular DNA concentrations after 12 h of incubation experiments, to assess the quantitative relevance of the DNA released by virus-induced prokaryotic mortality to the total extracellular DNA pool.
(f ) Extracellular enzymatic activities
DNase activity was determined fluorometrically using a fluorescent DNA analogue [poly(d1A): polydeoxyribo-1-N 6 ethenoadenylic acid] [42] , as described by Dell'Anno & Corinaldesi [22] .
Aminopeptidase, b-glucosidase and alkaline phosphatase activities in the sediments were determined by the analysis of the cleavage rates of artificial fluorogenic substrates (L-Leucine-4-methylcoumarinyl-7-amide [Leu-MCA]; 4-MUF-b-D-glucopyranoside [Glu-MUF] and 4-MUF-P-phosphate [MUF-P], respectively) as described by Danovaro [35] (see details in the electronic supplementary material).
(g) Extractions of extracellular and microbial DNA pools suitable for molecular analyses
The extracellular DNA used for molecular analyses was recovered from sediment samples and purified using the procedure described by Corinaldesi et al. [38] . The robustness and reliability of this protocol for extracellular DNA extraction has been shown to exclude any possible contamination due to cell lysis or coextraction of DNA contained in the microbial cells (see the electronic supplementary material). Before the extraction of DNA associated with microbial biomass (hereafter defined as microbial DNA) by in situ cell lysis, sediment samples were pre-treated with a chemical -physical procedure to remove as much as possible the extracellular DNA as described in Danovaro [35] . The microbial DNA was then recovered and purified by using the UltraClean soil DNA isolation kit (MoBio Laboratories Inc., CA, USA) according to the manufacturer's instructions.
(h) Pyrosequencing analyses of 16S rDNA
To analyse the genetic diversity of the prokaryotic 16S rDNA sequences associated with the extracellular and microbial DNA pools, we used the tag-encoded amplicon pyrosequencing of hypervariable regions (V5 and V6). Bacterial and archaeal 16S rDNA amplicons were generated using the universal primers 789F (5 0 -TAGATACCCSSGTAGTCC-3 0 ) and 1492R (5 0 -GGTTA CCTTGTTACGACTT-3 0 ) [43] and sequenced by using a Genome Sequencer FLX Titanium (Roche). Three independent PCR analyses were carried out from each replicated extraction (n ¼ 3) of extracellular and microbial DNA. The amplicons obtained from PCR analysis of extracellular DNA were pooled together as well as those for microbial DNA.
A total of 7705 sequences were obtained from the six libraries corresponding to microbial and extracellular DNA samples extracted from La Medee, L'Atalante and oxic sediments. Analyses of sequence data were carried out using the MOTHUR pipeline [44, 45] . Reads were trimmed using the FASTA and quality files provided by the sequencer according to the following parameters: minimum length ¼ 100 bp, average quality score ¼ 35, maximum number of Ns ¼ 0. Sequences passing the quality check steps were screened for chimeras using the chimera.slayer tool provided by the pipeline, using the SILVA database as a template [46] . Subsequently, clean sequences were aligned and clustered into OTUs using the farthest neighbour algorithm at 0.03 distance; representative sequences from each OTU were obtained and classified using the Silva taxonomy and Bayesian classifier [47] . The MOTHUR pipeline was used to produce rarefaction curves [44] . To compare samples with different number of sequences, random re-sampling of an equal number of sequences per sample (n ¼ 100) was carried out by using the sub.sample tool [47, 48] .
(i) Statistical analyses
To test for differences in all microbiological variables, extracellular DNA concentrations and enzymatic activities between the different benthic deep-sea sites and at different depths in the sediment, univariate analyses of variance (ANOVA) were carried out.
To investigate the similarity among the bacterial OTU composition associated with extracellular and microbial DNA pools recovered from oxic and anoxic sediments, cluster analyses were carried out at the phylum and class level (see details in the electronic supplementary material). , respectively). Both within and outside the basin, prokaryotic abundances decreased significantly in the subsurface sediment layers compared with those determined in the surface sediment layers (ANOVA, p , 0.01, figure 1d) .
Results
The virus-to-prokaryote abundance ratio in surface sediments was higher within the basin than outside (on average, 2.8 versus 1.5, respectively) and, in subsurface sediments of both sampling sites, it increased up to values of more than 10. figure 2 ). The DHAB sediments were characterized by viral decay rates significantly higher than those determined in the oxic sediments (ANOVA, p , 0.01). Viral decay contributed, on average, to the gross viral production for 29.3% and 17.2% in the oxic and DHAB sediments, respectively. Incubation experiments revealed a significant increase in total extracellular DNA concentrations after 12 h both in La Medee and L'Atalante and in oxic sediments (electronic supplementary material, figure S3 ). Such an increase was higher in the DHAB sediments (394 and 489 ng DNA per gram, in La Medee and L'Atalante sediments, respectively) than in the oxic station (130 ng DNA per gram). Moreover, in the DHAB sediments, the increase in extracellular DNA concentration measured during the sediment incubations, was similar to that estimated by transforming the number of killed prokaryotes determined experimentally into equivalents of extracellular DNA (differences between the two approaches ca 12%).
(d) Enzymatic activities
DNase activities in the surface sediments were significantly higher within the DHAB than in the oxic sediments (on average, 6.11 versus 0.20 ng DNA per gram per hour, respectively, ANOVA, p , 0.05; figure 5a).
In the subsurface sediments of La Medee, DNase activities were ca 1 order of magnitude higher than in the oxic sediments (on average, 0.7 versus 6.7 ng DNA per gram per hour, p , 0.01) and in both sites they did not show a clear pattern along the sediment vertical profile (figure 5b). Aminopeptidase, b-glucosidase and alkaline phosphatase activities were significantly higher in the oxic than in the DHAB sediments (ANOVA, p , 0.01, electronic supplementary material, figure S2 ).
(e) Prokaryotic assemblage composition of extracellular and microbial DNA pools
The number of prokaryotic sequences and OTUs obtained in the extracellular and microbial DNA pools are reported in electronic supplementary material, table S1. The rarefaction curves are shown in electronic supplementary material, figure S4 . A large fraction of OTUs was unaffiliated with known prokaryotic taxa both in the oxic and DHAB sediments. The contribution of bacterial OTUs to the total prokaryotic OTU number was higher in the microbial (34 -82%) than in the extracellular (17 -31%) DNA pools both in oxic and DHAB sediments. In all benthic systems, Proteobacteria represented the dominant phylum both in the extracellular (from 34 to 56% in L'Atalante and La Medee sediments, respectively) and microbial DNA (from 45 to 68% in L'Atalante and La Medee sediments, respectively, figure 6 ). Additional results on other bacterial phyla are reported in the electronic supplementary material.
In all benthic systems investigated, the largest fraction of archaeal OTUs within extracellular DNA pool was affiliated with Euryarchaeota (58 -96%), mainly belonging to unclassified Euryarchaeota (44-63%) and Thermoplasmata (8-36%). Marine Group I contributed for 2-21% to Crenarchaeota. Cluster analyses of bacterial OTU composition, at the class level (based on Bray -Curtis similarity), indicated a higher similarity between extracellular DNA pools of La Medee and L'Atalante sediments than between extracellular and microbial DNA pools recovered from the same environment (electronic supplementary material, figure S5a). Similar results were obtained also when randomly replicated subsamples of bacterial OTUs were considered (electronic supplementary material, figure S5b). Further analyses on the contribution of the different OTUs, at the genus level, within the dominant phylum Proteobacteria revealed clear differences between microbial and extracellular DNA pools in DHAB sediments (electronic supplementary material, table S2).
Discussion
Viral abundances in La Medee sediments were similar to the values previously reported for L'Atalante basin [16] and higher than values reported in the oxic sediments investigated here and in other benthic deep-sea ecosystems worldwide [17, 49] . Viral abundances in La Medee sediments were ca three times higher than the prokaryotic abundances. The virus-to-prokaryote abundance ratio was double that in the oxic sediments and increased in the deeper sediment layers. Viral production rates (up to 10-times higher than in the oxic sediments) were among the highest values reported so far for marine sediments worldwide [17, 49] . At the same time in hypersaline -anoxic sediments viral decay was lower and viral turnover was faster than in oxic sediments (on average, 0.7 per hour versus 0.2 per hour). These findings suggest that DHAB sediments favour a fast viral replication and a long preservation of the free viruses. Virus-induced prokaryotic mortality in La Medee was similar to that reported for L'Atalante sediments [20] . Such values were much higher (up to more than one order of magnitude) than those found in the sediments collected at similar depths worldwide [17] , including the oxic sediments investigated here. The high virus-induced prokaryotic mortality in DHAB sediments can be explained by the high metabolic activity (both autotrophic and heterotrophic) of prokaryotes inhabiting these ecosystems [9, 20, 50] . Indeed, the turnover rates of prokaryotes were much higher in La Medee than in oxic sediments.
The presence of eukaryotes potentially feeding on prokaryotes in anoxic marine systems has been reported [51] , despite their abundance in the DHABs of the Eastern Mediterranean is extremely low (ca 20 cells per millilitre) [15] . This was also confirmed by microscopic observations, which we carried out on the sediments of La Medee (less than 10 cells per gram of sediment experiments revealed that in the DHABs the release of DNA due to virus-induced prokaryotic mortality accounted for more than 85% of the total extracellular DNA produced in the sediments, whereas such a contribution was lower in the oxic sediments. Since almost the entire fraction of produced prokaryotes was removed by viral lysis ( figure 3 ), all of these findings indicate that virus-induced prokaryotic mortality in DHAB sediments represents the dominant mechanism of top-down control of prokaryotic dynamics. The sediments of La Medee were characterized by high extracellular DNA concentrations (much higher than those determined in the oxic sediments) and by high rates of extracellular DNA released by viral lysis (4.4 and 5.0 mg of extracellular DNA per square metre per day at Station 2 and Station 1 of the DHAB, respectively) as reported also for L'Atalante sediments [20] . Such rates largely exceed the fluxes of extracellular DNA from the water column to the sea floor reported for different oceanic regions, including the Mediterranean Sea, at the depths similar to those considered in our study (extracellular DNA fluxes less than 0.15 mg m 22 d 21 ) [52] . Since the inputs of organic particles from the upper oxygenated water layers to the DHAB sediments are strongly reduced by the thick layer of brines above the sea floor [2, 3] , the supply of extracellular DNA is expected to be even lower. These findings suggest that in the DHAB sediments extracellular DNA dynamics are largely controlled by virus-induced prokaryotic mortality.
The extracellular DNA released by viral lysis can be an important trophic resource for benthic prokaryotic assemblages [21] . The main route for DNA removal in aquatic ecosystems is represented by degradation processes mediated by DNases [53] . Indeed, biologically driven processes (i.e. degradation activity mediated by DNases) have a more relevant role than chemical modification (e.g. depurination processes) in influencing extracellular DNA decay in marine sediments, independently from environmental characteristics, including anoxic conditions [25] . We found that DNase activities, even when normalized to cell abundance, were higher in the sediments of La Medee than in the oxic sediments outside the anoxic basin. Conversely, aminopeptidase, b-glucosidase and alkaline phosphatase activities (used as a proxy for potential mobilization of proteins, carbohydrates and organophosphate monoesters) [54] were up to one order of magnitude lower in La Medee than in oxic sediments. We cannot exclude the possibility that the measured rates might be influenced by sediment decompression [55, 56] . However, we compared samples collected at similar depths so that the potential effect of the decompression on the measured enzymatic activities should be similar.
Overall, these findings suggest that, even though proteins and carbohydrates in DHAB sediments represent the main biochemical classes of organic compounds [16] , extracellular DNA released from killed prokaryotes might be the most suitable trophic resource (for the high nitrogen and P content) for benthic prokaryotes.
Although DNase activities were higher in La Medee sediments than in oxic sediments, the fraction of extracellular DNA released by viral lysis, which escapes DNase degradation, accumulates in the DHAB to a larger extent than outside (on average 4.4 versus 0.8 mg of extracellular DNA per square metre per day). Such a higher accumulation in DHAB sediments is consistent with the higher extracellular DNA concentrations observed in subsurface sediment layers. These results suggest that, in DHAB sediments, the accumulation of extracellular DNA can be not only due to the preferential preservation favoured by the permanently anoxic conditions (as previously reported) [23, 25, 26, 28, 57] but also by the high virus-mediated release rates of extracellular DNA, which largely exceed its removal rates (on average four times).
Extracellular DNA accumulated in the sediments can contain present and past gene sequences [23, [25] [26] [27] [28] . In the DHAB sediments, the extracellular DNA pool was characterized by a higher diversity of 16S rDNA sequences than the microbial DNA. Indeed, the rarefaction curves resulting from the analyses of the microbial DNA pool were closer to saturation than those obtained from extracellular DNA, despite the lower number of sequences obtained from microbial DNA (electronic supplementary material, figure S4 ). Such a low bacterial diversity associated with the microbial DNA pool is consistent with the results of clone library analyses previously obtained from the sediments of La Medee [58] and brines of other DHABs, possibly as a result of the extreme environmental conditions [5, 50] .
Both in La Medee and L'Atalante sediments, the analyses of the bacterial 16S rDNA sequences, at the class level, revealed that the taxonomic composition of extracellular DNA pool was different from that of the microbial DNA even when the same number of sequences per sample (based on random re-sampling) was considered (electronic supplementary material, figure S5a,b). Although further investigations based on a deeper sequencing effort are needed, the results of this study suggest that the genetic diversity associated with microbial biomass only partially overlaps with that contained within the extracellular DNA pool, expanding previous findings obtained through molecular fingerprinting analyses [25, 59] .
The genetic imprint of extracellular DNA represents a record of processes occurring in the pelagic (through the DNA supply attached to sinking particles) and benthic (through in situ extracellular DNA release) domains on different temporal scales [22, 23, 52] .
In this regard, the higher diversity of prokaryotic gene sequences contained in extracellular than in microbial DNA, together with the low similarity between the genetic composition of the two pools (within the same DHAB), suggests that extracellular DNA can preserve sequences belonging to prokaryotes no longer present in the sediments of these systems.
At the same time, the high similarity between bacterial OTU compositions in the extracellular DNA pools in La Medee and L'Atalante sediments suggests a common origin of the bacterial genes released by viral lysis and similar preservation mechanisms. However, although the extracellular DNA inputs from the upper brines to the DHAB sediments is expected to be very low, the preservation of genes also of allochthonous origin cannot be completely ruled out.
Overall, our results suggest that the strong viral impact in DHAB sediments can largely control the dynamics of the extracellular DNA, by supplying this pool with prokaryotic gene sequences, which represent the signatures of present and past infection events.
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